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Neuroendocrine prostate cancer (NEPC), an aggressive and highly malignant subtype of castration-resistant 
prostate cancer (CRPC), arises through drug resistance mechanisms involving genomic alterations, epigenetic 
remodeling, tumor microenvironment (TME) reprogramming, and lineage plasticity. A hallmark of NEPC is its 
independence from the androgen receptor (AR) pathway, evidenced by diminished or absent AR expression—a 
key barrier to effective clinical management. Therefore, a comprehensive understanding of NEPC pathogenesis 
and progression is essential, as it facilitates the identification of potential therapeutic targets and the 
development of more effective therapies. In this review, we summarize the typical characteristics of NEPC 
and describe its clinical diagnosis, relevant imaging modalities, current treatment strategies, and associated 
therapeutic difficulties. We also highlight the core events driving NEPC formation. Furthermore, we discuss 
potential therapeutic targets for the disease and review pharmacological agents that have demonstrated 
efficacy against NEPC, aiming to offer innovative perspectives and potential research directions for future 
NEPC treatment.

Introduction

   Prostate cancer (PCa) is one of the most prevalent male cancers, 
affecting millions of men worldwide, with a high morbidity and 
mortality rate [  1 ]. Although androgen deprivation therapy 
(ADT) is the primary therapeutic choice for advanced PCa and 
initially creates sensitive responses, patients eventually progress 
to castration-resistant prostate cancer (CRPC), especially meta-
static castration-resistant prostate cancer (mCRPC), within 18 

to 36 months [  2 ]. Androgen receptor pathway inhibitors (ARPIs), 
including abiraterone (ABI), enzalutamide (ENZ), apalutamide 
(APA), and darolutamide, have been developed for treatment of 
mCRPC, since the majority of CRPC patients are still AR depen-
dent. Although these treatments show positive outcomes in 
patients with mCRPC, acquired resistance to ARPIs subsequently 
emerges and enables tumors to continue to grow [  3 ]. While 
adenocarcinoma is the predominant histological variant of 
CRPC (CRPC-adeno), at least 20% to 25% of resistant prostate 
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tumors undergo cellular reprogramming and shed their AR 
dependence. These tumors, termed neuroendocrine prostate 
cancer (NEPC), are characterized by the acquisition of a neuro-
endocrine (NE) phenotype, low or nonexistent AR expression, 
and independence from AR signaling [  4 –  6 ].

   NEPC is a highly aggressive variant form of PCa, which 
accounts for approximately 20% of fatal mCRPC [  7 ]. Currently, 
there are limited definitive and effective treatment options 
available for NEPC patients, including cytotoxic chemotherapy 
[  8 ,  9 ]. Even worse, the majority of patients survive less than 
1 year after clinical diagnosis of NEPC [  10 ,  11 ]. The origin of 
NEPC remains elusive, although 2 proposals have emerged: 
de novo NEPC and treatment-induced NEPC (t-NEPC). Some 
studies indicate that de novo NEPC may originate from basal 
cells, luminal cells, or basal cells that acquire luminal traits 
while losing their basal characteristics [  12 –  14 ]. Other studies 
argue that the NEPC may evolve from luminal-like tumor cells 
called precursor cells in localized NEPC mixed with CRPC-
adeno population and advance to pure NEPC [  15 ,  16 ]. As the 
former has a less than 2% diagnosis rate, the latter is considered 
the main cause for the formation of NEPC due to its lineage 
plasticity [  17 ]. Thus, in this review, we focus on t-NEPC.

   Unlike typical PCa, levels of prostate-specific antigen (PSA) in 
NEPC are not elevated, making early diagnosis of NEPC difficult 
[  18 ]. Recent studies have revealed that the mechanisms underlying 
treatment-induced NEPC formation are closely related to a variety 
of factors, such as genomic and epigenetic alterations. In addition, 
overexpression of oncogenes, inactivation of tumor suppressor 
genes, imbalance of epigenetic regulatory factors and transcrip-
tional factors, and abnormal expression of receptors on the surface 
of NEPC cells are closely associated with the occurrence and pro-
gression of NEPC [  19 –  32 ].

   Current therapeutic approaches for NEPC primarily extrapo-
late from successful regimens in small cell lung cancer (SCLC), 
including platinum-based agents, etoposide, and taxanes admin-
istered as monotherapy or in combination. However, these thera-
pies unfortunately lack durability and demonstrate limited 
therapeutic efficacy [  33 ]. Compared to pure adenocarcinoma 
cohorts, patients with NEPC exhibit poorer prognosis, demon-
strate rapid progression during first-line metastatic therapy, and 
experience steep declines between subsequent lines of treatment. 
Following standard therapies, NEPC yields a median progres-
sion-free survival (PFS) of 5.2 months and a median overall 
survival (OS) of 15 months [  34 ]. This may be attributed to several 
factors: The lack of specific biomarkers [e.g., NE markers such 
as synaptophysin (SYP), neuron-specific enolase (NSE), chro-
mogranin A (CgA), and neural cell adhesion molecule (CD56)] 
hinders early detection, diagnosis, and intervention [  35 –  37 ]; 
limited therapeutic options with innate or acquired resistance 
further constrain clinical management [  38 ]; and the immuno-
logically cold tumor microenvironment (TME) characteristic of 
NEPC substantially compromises immunotherapy efficacy [  39 ].

   Emerging treatments focus on combining multiple mecha-
nisms to overcome drug resistance [ 33 ]. As our understanding 
of the genetic, epigenetic, and transcriptional mechanisms regu-
lating development of NEPC continues to advance, increasingly 
promising therapeutic approaches were developed and applied 
in preclinical settings, with potential transfer into clinical prac-
tice. For instance, using MLN8237 to target inhibition of ampli-
fication and up-regulation of proto-oncogenes such as N-MYC 
and Aurora kinase A (AURKA) can partially impede the pro-
gression of PCa and CRPC to NEPC [  13 ,  40 ]. Boosting the 

expression of tumor suppressors, adjusting epigenetic regulatory 
factors and transcriptional factors, as well as targeting receptors 
on the surface of NEPC cells may also play crucial roles in NEPC 
treatment. It is worth noting that inhibitors targeting these 
aforementioned targets have the potential to become novel 
therapeutic drugs or treatments in the future, which is a rare 
blessing for NEPC patients at present.

   To facilitate a comprehensive understanding of potential 
treatments for NEPC, we provide an overview of the charac-
teristics of NEPC and elucidate its diagnosis, treatment, and 
remaining problems. We delineate the molecular targets in the 
development of NEPC and summarize its major origins in this 
review. In addition, we summarize the potential therapeutic 
mechanisms and list possible therapeutic agents for NEPC, 
which may offer novel insights into future treatment approaches.   

NEPC
   According to the 2024 Cancer Survey, PCa is one of the most 
prevalent male cancers [ 1 ]. ADT depletes androgen in the endo-
crine cycle to inhibit its activation of AR signal and prevent the 
progression of PCa [  41 ]. Although ADT is the primary therapeu-
tic choice for advanced PCa, and patients are originally responsive 
to ADT, they eventually progress to CRPC, especially mCRPC 
[ 2 ]. Among all types of PCa, CRPC is one of the most common 
carcinomas in men and affects millions of men worldwide with 
high morbidity and mortality rates [ 3 ]. ARPIs including ABI, 
ENZ, APA, and darolutamide (DAR) have been developed for 
treatment of mCRPC, since the majority of CRPC patients are 
still AR dependent [ 3 ]. Treatment with ENZ slows tumor growth 
but provides limited prevention of tumor recurrence [ 41 ]. After 
treatment with ENZ for a long period of time, it could be observed 
that the volume of CRPC tumors increased, indicating the forma-
tion of tumor resistance to ENZ and tumor recurrence [ 41 ]. 
Additionally, treatment with benzalutamide (BEN) increases the 
release of BRN4 (Brain4) and BRN2 (Brain2) in extracellular 
vesicles (EVs) derived from PCa cells, promoting the progression 
of NEPC [  42 ]. Although treatments of CRPC with more effective 
AR-targeted therapy (new generation of ARPIs such as ENZ or 
ABI) prolong the survival of CRPC patients, it may predispose 
them to progress to NEPC simultaneously [  43 ,  44 ]. Moreover, a 
growing number of research show that resistance to ADT results 
in up-regulation of the PKLR/N-MYC/ROMO1 signal, which 
may drive metabolic reprogramming and reversible cross-
differentiation into NEPC [ 43 ,  45 ]. Similarly, secondary hormone 
therapy can increase the likelihood of conversion from CRPC to 
NEPC as well [  27 ]. Although these treatments show positive out-
comes in patients with mCRPC, acquired resistance to ARPIs 
subsequently emerges and enables tumors to continue to grow 
[ 3 ], and tumors are more likely to undergo conversion from 
CRPC to NEPC by promoting transcriptional plasticity in inter-
mediate cells [  46 ,  47 ]. In addition to ADT or ARPIs [ 4 ], NEPC 
can arise under radiotherapy [  48 ] or chemotherapy [  49 ]. While 
adenocarcinoma is the predominant histological variant of CRPC, 
a quarter of resistant prostate tumors undergo cellular reprogram-
ming and shed their dependence on the AR, thus evading thera-
pies and proliferating [ 4 – 6 ].  

Origin of NEPC
   NEPC rarely develops de novo, but it usually occurs after treat-
ment in patients who have already developed CRPC [  50 ]. The 
development process generally involves either de novo formation 
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from or transformation following CRPC treatment [ 17 ,  51 ], and 
the latter serves as its primary origin [  52 ]. These findings support 
2 current theories on the formation of NEPC, namely, de novo 
NEPC and treatment-induced NEPC. The former suggests that 
normal prostate epithelial cells may transform into endocrine 
phenotypes through the deletion of RB1 and the inactivation of 
p53, which may be the source of de novo NEPC [ 12 ]. The latter 
suggests that refractory PCa with AR loss may transform into 
NEPC through NE [ 15 ]. Given that ADT or ARPIs treatment 
might induce NE lineage plasticity in prostate adenocarcinoma, 
the proportion of t-NEPC is extremely higher than de novo 
NEPC (less than 2%) in clinical observation [ 17 ].

   The main differences between the 2 are reflected in the fol-
lowing aspects. In terms of cellular origin, de novo NEPC exists 
at initial diagnosis and arises independently of prior treatment 
[  53 ]. It may originate from multipotent prostate progenitor cells 
or develop through transdifferentiation from a common clonal 
origin with conventional PCa [  54 ]. In contrast, t-NEPC is widely 
believed to develop through adaptive drug resistance mechanisms 
following ADT [ 10 ] or via epigenetic processes that promote 
lineage plasticity [ 53 ], mediated by transdifferentiation of preex-
isting adenocarcinoma cells [  55 ]. In aspects of molecular char-
acteristics, de novo NEPC may exhibit distinct RB1 and TP53 
alteration patterns compared to t-NEPC [  22 ]. On the contrary, 
t-NEPC is typically characterized by AURKA and N-MYC ampli-
fication/overexpression [  56 ], loss of AR and PSA expression, AR 
signaling pathway independence [  57 ], frequent co-deletion of 
RB1 and TP53 [ 22 ], up-regulated neuronal transcription factors 
[Achaete–Scute homolog 1 (ASCL1), neurogenic differentiation 
1 (NEUROD1), and POU domain, class 3, transcription factor 2 
(POU3F2)] [  58 ], EZH2 overexpression, and DNA methylation 
alterations [  59 ]. In clinical characteristics, de novo NEPC exhibits 
an indeterminate clinical course characterized by marked inter-
individual heterogeneity in treatment responses and clinical out-
comes [  60 ]. Notably, most primary NEPC cases present with 
metastatic lesions at initial diagnosis [  61 ]. In contrast to de novo 
NEPC, t-NEPC demonstrates intrinsic resistance to AR-targeted 
therapy [ 57 ], with shorter OS typically showing a median survival 
duration of less than 1 year [  62 ]. Clinically, t-NEPC frequently 
presents with visceral metastases and is associated with low or 
undetectable serum PSA levels [ 10 ]. These tumors exhibit no 
response to hormonal therapies [ 57 ] but retain partial responsive-
ness to platinum-based chemotherapy [ 60 ,  63 ].

   The precise mechanisms advancing CRPC transformation 
into NEPC remain largely unknown, and it is still undefined 
whether NEPC develops through direct transdifferentiation or 
an intermediate stem-like cell state [  64 ]. However, current 
research has revealed multiple factors accounting for the trans-
formation of CRPC to NEPC, including: (a) genomic alterations, 
(b) epigenomic alterations, (c) deregulation of transcription fac-
tors, (d) deregulation of splicing factors and noncoding RNAs 
(ncRNAs), (e) changed signaling and biological processes, and 
(f) TME [ 8 ,  65 ] (Fig.  1 ). Among these factors, the first 2 have been 
extensively studied and provide compelling evidence including 
N-MYC [  20 ,  66 ] and AURKA overexpression [  67 ], as well as 
PTEN, retinoblastoma-1-encoding gene (RB1), and tumor pro-
tein p53 (TP53) inactivation in NEPC [ 22 ,  68 ]. The drug resis-
tance related to the development of NEPC coincides to a certain 
extent with the influencing factors mentioned above for the 
transition from CRPC to NEPC. There is another key point, 
namely, lineage plasticity, which means that under therapeutic 
stress (especially ADT), some prostate adenocarcinoma cells can 

undergo “lineage transition”, losing the characteristics of adeno-
carcinoma and acquiring the phenotypes and functions of NE 
cells. This process is an adaptive drug resistance mechanism to 
endocrine therapy [  69 ,  70 ].           

Characteristic and classification of NEPC
   As a highly aggressive variant form of PCa [  71 ], NEPC is 
derived from the transdifferentiation of PCa-adeno cells into 
NE-like cells, which represents the terminal stage of PCa [ 7 , 45 ]. 
This phenotypic change is described as neuroendocrine differ-
entiation (NED) [  72 ]. NEPC typically emerges late during 
treatment of CRPC, characterized by small cell morphology, 
down-regulated AR expression, and up-regulated NE markers 
[ 10 , 45 ,  73 ], unlike the AR pathway dependence of trend-sensi-
tive PCa or AR mutations or overexpression in CRPC. Besides, 
there exists a relatively special subtype expressing NE and AR at 
the same time, which is called amphicrine cancers (AMPC) [  74 ]. 
The presence of AMPC was confirmed by Aggarwal et al. [ 52 ] 
and Labrecque et al. [  75 ] and at least temporarily responded to 
the inhibition of the AR pathway because of expression of AR.

   Since the vast majority of NEPC expressions are AR deletion/
down-regulation and NE up-regulation, and the former is the 
most important point of drug-resistant mechanism and one of 
the core characters of NEPC [ 10 ], in this review, we mainly discuss 
the phenotypes in which AR expression is down-regulated or 
deletion but NE phenotype is up-regulated. Levels of PSA in 
NEPC are not high [ 18 ], and serum NE markers such as CgA, 
NSE, and gastrin-releasing peptide are enriched [ 10 ]. According 
to the Prostate Cancer Foundation, classification for NEPC con-
sists of (a) usual prostate adenocarcinoma with NE differentiation; 
(b) adenocarcinoma with Paneth cell NE differentiation (a rare 
pathological phenomenon primarily characterized by tumor cells 
possessing unique morphological and immunohistochemical 

Fig. 1. Core events in the transformation from CRPC to NEPC. Multiple factors 
accounting for the transformation of CRPC to NEPC, including (A) genomic alterations, 
(B) epigenomic alterations, (C) deregulation of transcription factors, (D) deregulation 
of splicing factors and noncoding RNAs (ncRNAs), (E) changed signaling and biological 
processes, and (F) tumor microenvironment (TME).
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features similar to those of small intestinal Paneth cells; morpho-
logically, these cells exhibit eosinophilic granular cytoplasm, but 
unlike true Paneth cells, they show negative reactivity for lyso-
zyme); (c) carcinoid tumor; (d) small cell carcinoma; (e) large cell 
NE carcinoma; and (f) mixed NE carcinoma–acinar adenocarci-
noma [  76 ,  77 ]. Of all patients diagnosed with PCa, approximately 
80% have local organ-localized disease, 13% to 14% have local 
metastases, and 6% to 7% have distant metastases [ 17 ].

   As a late-stage variant of PCa, NEPC is usually accompanied 
by late-stage manifestations of systemic disease [ 10 ]. NEPC 
patients (45% to 51%) present with metastatic disease at initial 
diagnosis, and the metastases are usually already locally invasive, 
such as intestinal, bladder, and kidney involvement, or meta
stasized to bone and internal organs, such as lungs, liver, and 
central nervous system [ 54 ,  78 ]. Metastases also appeared in the 
male mammary gland, urinary tract, and adrenal gland [ 78 ]. 
Compared to CRPC, NEPC exhibits aggressive tumor charac-
teristics clinically, including larger tumor size and susceptibility 
to bone and visceral metastasis [ 44 , 73 ]. Correspondingly, the 
metastatic pattern of NEPC is also different from that of CRPC. 
CRPC mostly has bone metastasis, while the incidence of vis-
ceral metastasis of NEPC is exceedingly higher than that of other 
types of PCa [ 44 , 73 , 78 ]. Its visceral metastasis plays an impor-
tant role in judging the severity of NEPC. Studies have shown 
that once NEPC is diagnosed, the number of visceral metastatic 
organs is one of the most important factors related to survival 
[ 10 ]. Li et al. found that the probability of liver metastasis 
increased during progression from CRPC to t-NEPC [  79 ]. It can 
be inferred that the development of conventional prostate ade-
nocarcinoma from hormonal infantilism to CRPC/mixed tumor 
and then to NEPC is probably a biological continuum. At pres-
ent, it is only reported that NEPC has a higher probability of 
visceral metastasis than CRPC, but the specific biological mech-
anism is not yet clear. In addition, high levels of serum NE mark-
ers are characteristic of NEPC [ 10 ], which also fails to respond 
to ADT [ 73 ]. Due to its rare and frequently invasive course and 
its lack of specific diagnosis and monitoring biomarkers, NEPC 
remains a challenge to diagnose and treat [ 46 ].   

Diagnosis of NEPC
   Elevated levels of luminal prostate differentiation markers like 
PSA and prostatic acid phosphatase play a cornerstone role in 
diagnosis and monitoring of the majority of PCa cases [  80 ]. 
However, this is not always applicable to NEPC. As a distinct 
drug-resistant phenotype of mCRPC, NEPC poses challenges in 
diagnosis [ 18 ]. Most NEPC patients exhibit disproportionately 
low serum PSA levels, much lower than those observed in PCa, 
and some even show minimal expression [ 50 ,  81 ]. Despite varia-
tions in NEPC marker expression patterns, all types exhibit strong 
aggressiveness, with morphology remaining the gold standard 
for diagnosis [ 10 ]. The diagnosis of NEPC typically involves iden-
tifying it as a highly invasive subtype of CRPC, which arises from 
the transdifferentiation process of NED following second-
generation anti-androgen therapy targeting the AR. This progres-
sion is characterized by rapid advancement [  5 , 42 , 44 ,  82 ].

   Clinically, NEPC has been suggested to be diagnosed by at 
least one of the following characteristics: (a) pathological evi-
dence of small cell PCa; (b) exclusively visceral metastases; (c) 
radiographically predominant lytic bone metastases by plain 
x-ray or CT scan; (d) bulky (≥5 cm) lymphadenopathy or bulky 
(≥5 cm) high-grade (Gleason ≥ 8) tumor mass in the prostate/
pelvis; (e) low PSA (≤10 ng/ml) at initial presentation (before 

ADT or at symptomatic progression in the castrate setting) plus 
high-volume (≥20) bone metastases; (f) presence of NE mark-
ers on histology (positive staining of CgA or SYP) or in serum 
(abnormal high serum levels for CgA or GRP) at initial diag-
nosis or at progression plus any of the following in the absence 
of other causes: elevated serum lactate dehydrogenase (LDH) 
(≥2 × institutional upper limit of normal (IULN)), malignant 
hypercalcemia, and elevated serum carcinoembryonic antigen 
(CEA) (≥2 × IULN); and (g) short interval (≤6 months) to 
androgen-independent progression following the initiation of 
hormonal therapy with or without the presence of NE markers 
[ 63 ]. At the time of NEPC clinical diagnosis, most patients are 
already at an advanced stage of NEPC due to its characteristic 
aggressive nature and rapid progression, as well as its nonspe-
cific symptoms that overlap with other diseases such as hesi-
tancy, dysuria, bone pain, or respiratory symptoms at the site 
of metastasis [ 10 , 11 , 50 ]. Regrettably, this may be the dominant 
reason that most patients survive less than 1 year after clinical 
diagnosis of NEPC [ 10 , 11 ].

   Since NEPC detection is not routinely performed in clinical 
practice, there is currently no unified guideline on when to per-
form a biopsy [  83 ]. This directly reflects the value of imaging in 
the early diagnosis of NEPC. Unfortunately, conventional imag-
ing (CI) such as magnetic resonance (MR), computed tomogra-
phy (CT), and ultrasound (US) cannot directly distinguish NEPC 
from other PCa. However, this imaging modality can reflect the 
presence of aggressive forms. CI only provides indirect informa-
tion about the presence of necrosis, local invasion, metasta-
sis, or rapid progression [  84 ]. Different from the above CI 
examinations, at the level of molecular imaging, 18F-FDG 
([18F]-fluorodeoxyglucose, a radiolabeled glucose analog that 
serves as a tracer for assessing various types of tumors) positron 
emission tomography/computed tomography (PET/CT) has 
advantages in NEPC imaging and is a reliable method for iden-
tifying aggressive, undifferentiated, or dedifferentiated NED 
tumors [ 81 , 83 –  87 ]. Furthermore, high expression of somatosta-
tin receptors (SSTRs) is observed in the majority of patients with 
NEPC. SSTR-PET/CT imaging using 68Ga-DOTATATE or 
﻿68Ga-DOTANO allows for the specific identification of NEPC 
lesions, with particularly prominent findings in metastatic sites 
[ 81 , 84 ,  88 ,  89 ]. In addition to the 2 aforementioned approaches, 
probes targeting fibroblast activation protein (FAP) also hold 
promise as a novel adjunctive diagnostic tool for NEPC [  90 ]. On 
another aspect, multiparametric magnetic resonance imaging 
(mpMRI) can differentiate prostatic carcinoid (one type of 
NEPC) from PCa based on the considerably larger size and mild 
hyperintensity of the tumor on T2W (T2-weighted imaging) 
images [ 81 ], which may improve the detection rate of primary 
lesions in the prostate and evaluate the aggressiveness of tumors.

   Furthermore, the diagnostics of NEPC may benefit from 
recent advances in liquid biopsy techniques, including circulat-
ing tumor DNA (ctDNA) and circulating tumor cells (CTCs) 
[  91 ], for NEPC detection and disease monitoring. Liquid biopsy 
offers multiple advantages, including noninvasive sample collec-
tion, capacity for serial assessment, and comprehensive insight 
into tumor biology [ 91 ].

   Since 2020, blood remains the most extensively studied bio-
fluid, with ctDNA [a special subgroup of cell-free DNA (cfDNA)] 
representing the most frequently analyzed analyte [  92 ]. A land-
mark study demonstrated that cfDNA methylation patterns can 
detect CRPC-NE-associated epigenetic alterations [  93 ]. A tar-
geted panel integrating genomic alterations (TP53, RB1, CYLD 
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protein, AR) and epigenomic features (hypermethylation and 
hypomethylation at 20 differential loci) applied to ctDNA 
enables identification of CRPC-NE patients [ 93 ]. The analysis 
of ctDNA facilitates tracking of tumor clonal detection and evo-
lutionary dynamics, potentially identifying high-risk patients 
prior to histological transformation and paving the way for early 
intervention strategies [ 93 ]. Moreover, research by Fonseca et al. 
[  94 ] revealed that ctDNA fraction strongly predicts OS, PFS, 
and treatment response, independent of therapeutic context in 
mCRPC. Specifically, within an mCRPC cohort encompassing 
diverse clinical and pathological features (including NEPC sub-
types), ctDNA fraction emerged as a robust, independent prog-
nostic biomarker [ 94 ].

   The prevailing scientific consensus holds that CTCs represent 
metastatic seeds—rare and heterogeneous yet indicative of can-
cer progression or dissemination [  95 –  97 ]. CTCs originates from 
primary tumors or metastatic sites, which may reflect global 
tumor characteristics [  98 ]. Combined loss of RB1, TP53, and 
PTEN in CTCs correlates with lower AR expression and elevated 
Delta-like ligand 3 (DLL3) expression. Notably, NEPC individu-
als exhibit higher concordance of alterations among CTCs, sug-
gesting reduced inter-CTC heterogeneity compared to other 
subtypes [  99 ]. This result aids noninvasive monitoring of NEPC, 
informs treatment timing, and demonstrates potential for pre-
dicting disease progression and therapeutic response. Beltran 
et al. [ 99 ] developed a multivariate CTC classifier utilizing pro-
tein expression and morphological variables capable of distin-
guishing NEPC from CRPC, demonstrating functionality in 
identifying NEPC-like CTCs. As a minimally invasive approach, 
CTC analysis enables dynamic monitoring of tumor evolution 
and may provide utility for early diagnosis of NEPC-associated 
acquired resistance [ 98 , 99 ]. While liquid biopsy cannot replace 
traditional histopathological assessment, it represents a promis-
ing approach for future NEPC detection strategies.

   Similar to the diagnostic modalities discussed above for 
NEPC, molecular targets [DLL3, tumor-associated calcium sig-
nal transducer 2 (Trop2), and carcinoembryonic antigen associ-
ated cell adhesion molecule 5 (CEACAM5)] also demonstrate 
diagnostic utility in both preclinical and clinical settings for this 
aggressive disease variant [  26 , 27 ,  100 ]. In preclinical investi-
gations, quantitative polymerase chain reaction (qPCR) and 
immunohistochemistry (IHC) can be employed to compare the 
relative levels of AR-regulated markers and the NEPC marker 
DLL3 in PCa cell lines [  101 ]. Meanwhile, tissue immunofluo-
rescence staining provides direct validation of CEACAM5 
expression at the cellular level, while serum CEA testing offers 
a noninvasive surrogate for monitoring tumor CEACAM5 status 
[ 100 ]. Parallel advancements in surface marker detection employ 
flow cytometry to quantify Trop2 expression and distinguish 
molecular subtypes [  102 ,  103 ]. Notably, detection of Trop2 frag-
ments in urine exfoliated cells demonstrated predictive value for 
aggressive PCa in both mouse models and preliminary clinical 
samples [  104 ]. Transitioning to clinical applications, molecular 
imaging innovations show particular promise. The 89Zr-labeled 
DLL3-targeting antibody SC16 (89Zr-deferoxamine-SC16) facili-
tates noninvasive detection of DLL3-positive NEPC lesions via 
PET imaging [ 101 ], while CEACAM5-targeted immuno-PET 
agents enable in vivo visualization of AR-negative PCa subtypes. 
Critically, translational validation in advanced mCRPC cohorts 
confirms serum CEA levels as clinically important correlates of 
tumor CEACAM5 expression, particularly in NEPC cases [ 100 ]. 
The novel immuno-PET imaging agent ([68Ga]Ga-NOTA-T4) 

achieved noninvasive visualization of Trop2 expression in clini-
cal trials, enabling differentiation between tumors with high 
versus low Trop2 expression to guide targeted therapy selection 
[  105 ]. Furthermore, integrated diagnostic strategies combining 
urinary Trop2 detection with serum NE markers (e.g., CgA) 
obviously improve early NEPC diagnosis sensitivity [ 104 ].

   Apart from these, Masone [ 18 ] developed a model to assess 
NEPC risk score, which was found to be extremely higher in NEPC 
compared to CRPC. This noninvasive method shows promise for 
diagnosing NEPC but requires further investigation.   

Current treatment for NEPC
   Treatment options for NEPC include radiotherapy or chemother-
apy alone or in combination. Systemic therapy (primarily plati-
num-based chemotherapy) remains the mainstay treatment along 
with palliative local disease management through radiation ther-
apy or surgery depending on individual cases. Among them, the 
combination of radiotherapy and chemotherapy exhibits the high-
est survival rate. However, due to the highly invasive nature of 
NEPC, treatment outcomes are often unsatisfactory [ 10 , 11 ]. It is 
disheartening to mention that chemotherapy, although somewhat 
effective in its application, proves inevitably fatal for advanced 
NEPC patients with a poor prognosis and limited duration of treat-
ment effectiveness [ 73 ], further hastening disease progression 
toward death [ 50 ]. In addition, there have been no definitive 
reports on approved targeted therapeutics demonstrating high 
efficacy against NEPC, which poses a crucial challenge. In addition 
to traditional treatment methods, new treatment strategies have 
brought new hope to patients with NEPC. The latest progress in 
the field of immunotherapy shows that PD-1 blockade combined 
with platinum-based chemotherapy may effectively prolong the 
survival period of patients [  106 ]. Meanwhile, the emergence of 
protein degradation targeted chimeras (PROTACs) technology has 
brought a revolutionary breakthrough to cancer treatment [  107 ]. 
Although most of the current PROTACs research and develop-
ment focuses on AR reducers, which have limited applicability to 
NEPC with low AR expression, PROTACs targeting NEPC-
specific targets, such as EZH2, have made positive progress in 
preclinical studies and have shown good application prospects 
[  108 ]. The current target sites with therapeutic prospects include 
(a) aberrant expression of surface receptors and proteins including 
Trop2, neurokinin-1 (NK1R), cholinergic receptor muscarinic 4 
(CHRM4), DLL3, and CEACAM5; (b) overexpression of onco-
genes N-MYC, AURKA, and mucin 1 C-terminal (MUC1-C); (c) 
inactivation of tumor suppressor genes RB1, TP53, and PTEN; 
and (d) imbalance in epigenetic regulatory factors and transcrip-
tional factors such as RE1 silencing transcription factor (REST), 
forkhead box protein A1 (FOXA1), forkhead box protein A2 
(FOXA2), enhancer of zeste homolog 2 (EZH2), SRY-box tran-
scription factor 2 (SOX2), ASCL1, NEUROD1, ONECUT2 (OC2), 
and ZBTB7A [ 19 – 32 , 41 , 56 , 100 ,  109 ,  110 ].   

Preclinical models of NEPC
   Understanding the molecular mechanism of NEPC and evalu-
ating new therapeutic strategies largely rely on preclinical mod-
els that can accurately simulate the characteristics of human 
NEPC. These models successfully reproduced the key patho-
logical features of NEPC, including NED, independence of the 
AR signaling pathway, and metastatic potential.

   In NEPC studies, cell lines derived from patients’ tumors or 
induced to acquire NED characteristics play an irreplaceable 
role. Among them, the KUCaP13 cell line originated from a 
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patient with metastatic small cell NEPC who had received 
LHRH agonists, bicalutamide, and radiotherapy [  111 ]. This cell 
line has typical NEPC characteristics: absence of AR expres-
sion, abnormal Rb pathway, elevated level of NSE, and abnor-
mal expression of NEPC characteristic genes such as AURKA, 
EZH2, and FOXA2. The LuCaP93 cell line, which also has 
fundamental research value, originated from primary NEPC 
patients who received ADT treatment [  112 ]. In addition, classic 
NEPC cell lines such as NCI-H660 and LASCPC-01 also pro-
vide important basis for an in-depth understanding of the 
pathogenesis of NEPC.

   The patient-derived xenograft (PDX) model has become a 
key platform for NEPC translational research because it can pre-
serve the genetic and phenotypic heterogeneity of the original 
tumor. These models have demonstrated unique value in multiple 
research fields: (a) revealing key genes related to tumorigenesis, 
development, invasion, and metastasis; (b) identifying new thera-
peutic targets; and (c) evaluating the efficacy of approved drugs 
and new candidate drugs. For example, the PDX224R-Cx model 
established by the Melbourne Urology Research Consortium is 
highly representative. This model originated from a patient with 
mixed PCa who had both adenocarcinoma and NE phenotypes. 
The researchers transplanted the tumor tissues under the renal 
capsule of nonobese diabetic (NOD)/severe combined immu-
nodeficient (SCID) or NOD SCID gamma (NSG) mice that were 
supplemented with testosterone and castrated. The research 
results show that the PDX224R model grown in mice supple-
mented with testosterone maintained mixed pathological char-
acteristics, while the PDX224R-CX model grown in castrated 
mice exhibited pure NE pathological characteristics [  113 ].

   In addition to the abovementioned models, genetically engi-
neered mouse models, as well as emerging technology plat-
forms such as organoids and 3-dimensional culture systems, 
also demonstrate broad application prospects. These innovative 
models not only provide new tools for in-depth research on the 
molecular mechanism of NEPC but also are expected to accel-
erate the development process of targeted drugs and ultimately 
improve the clinical treatment effect of NEPC patients. By inte-
grating the advantages of multiple preclinical models, research-
ers will be able to more comprehensively analyze the complex 
biological characteristics of NEPC and promote substantive 
progress in translational medicine research.

   Based on these findings, we present a comprehensive list of 
potential targets both intracellularly and extracellularly, along with 
the underlying mechanisms responsible for NEPC development. 
Additionally, we provide an overview of recent experimental stud-
ies highlighting promising compounds that exhibit efficacy.    

Potential Targets on the Surface of NEPC Cells
   At present, aberrant expression of proteins and receptors on the 
surface of NEPC cells like Trop2 [ 27 ], NK1R [  29 ], CHRM4 [  28 ], 
DLL3 [ 26 ], and CEACAM5 [ 100 ] makes contributions to driving 
the development of NEPC. Therefore, we discuss the potential 
targets of these molecules on the surface of NEPC cells (Fig.  2 ).          

Trop2
   Trop2, a cell surface glycoprotein, plays a pivotal role in promoting 
cell survival prior to androgen ablation and facilitating lineage 
plasticity during prostate structural regeneration following andro-
gen supplementation. Trop2 is found to be overexpressed in meta-
static and refractory PCa such as NEPC [ 27 ]. In CRPC, Trop2 

expression persisted in AR+/NE−, AR+/NE+, and AR−/NE− 
tumors. Among AR+/NE− tumors, 97% express Trop2. Moreover, 
it is found that Trop2 expression in tumors with liver/lung metas-
tasis is higher than that in tumors with spinal bone metastasis 
[  114 ]. Numerous studies have reported that approximately 78% 
of NEPC patients exhibit high levels of Trop2 protein expression 
[ 27 ]. Trop2 functions as a regulator of self-renewal, proliferation, 
and transformation [  115 ], and the abundant expression of Trop2 
markedly enhances tumor growth, metastasis [ 27 , 115 ], and NE 
phenotype [ 27 ]. In addition, 92% of NEPC patients with high 
Trop2 expression display elevated levels of poly(adenosine diphos-
phate-ribose) polymerase 1 (PARP1), which mediates reduced 
DNA condensation and histone methylation in cells overexpress-
ing Trop2 [ 27 ]. In this situation, sacituzumab govitecan (IMMU-
132), an antibody–drug conjugate consisting of an anti-Trop2 
antibody linked to the active topoisomerase inhibitor, represents 
a cytotoxic drug targeting DNA replication that has shown efficacy 
against malignancies other than PCa [ 115 ].

   Trop2-driven NEPC exhibits heightened sensitivity to PARP1 
inhibitors, indicating that Trop2 not only acts as a driver of NEPC 
but also serves as a therapeutic target for treatment of NEPC. 
Inhibition of PARP1 such as olaparib (OLA) presents a promising 
strategy for NEPC with overexpressed Trop2, effectively reducing 
the activation of Trop2 through the proteolytic cleavage pathway. 
The delayed expression of Trop2 is implicated in tumor growth and 
metastatic colonization in NEPC via β-integrin and focal adhesion 
kinase (FAK) signaling, ultimately reversing NE features in vivo [ 27 ].   

NK1R
   Zhang et al. [  116 ] analyzed publicly available sequencing data 
from PCa patients and found that the expression of NK1R, a cell 
surface receptor, was up-regulated in patients with PCa, particu-
larly in cases of NEPC, which exhibited vital stimulation. This 
suggests a potential association between NK1R and the progres-
sion from primary intracavitary adenocarcinoma to NEPC. 
Elevated levels of NK1R have been clinically correlated with accel-
erated tumor recurrence and poor survival rate. Moreover, inhibi-
tion of AR, one of the treatments for PCa, can enhance the 
expression of NK1R, thereby stimulating the protein kinase C 
(PKC)/AURKA/N-MYC pathway in PCa cells. This regulation 
influences the induction of NE markers and NE-related genes and 
promotes tumor growth. It means that targeted NK1R therapy 
can inhibit NE transdifferentiation and tumorigenicity in vivo and 
in vitro. The NK1R-mediated signaling pathway relies on PKC as 
a key component. The PKC inhibitor GF109203X could play a 
key role in reducing AURKA dephosphorylation and inducing 
cell cycle G2/M arrest, thus restraining the development of NE 
characteristics and inhibiting tumor growth in vitro [ 29 ].

   However, a unique case exists within the PKC family, specifi-
cally encoded by PRKCI (a style of oncogene), where the protein 
kinase PKCλ/ι functions as a tumor suppressor in NEPC along-
side PTEN. Research has demonstrated that the expression of 
PKCλ/ι decreases in NEPC, and its loss play pivotal roles in pro-
moting NEPC progression [  117 ]. The down-regulation of PKCλ/ι 
leads to mTORC1 (mechanistic target of rapamycin complex 1, 
a key signal complex within cells) activation through reduced 
lysosomal dispersion and S30 phosphorylation damage, while its 
interaction with LAMTOR2 [late endosomal/lysosomal adaptor, 
mitogen-activated protein kinase (MAPK), and MTOR activator 
2; a kind of regulator complex protein] drives up-regulated serine 
biosynthesis via the mTORC1/activating transcription factor 4 
(ATF4)/phosphoglycerate dehydrogenase (PHGDH) pathway, 
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and facilitates NEPC differentiation both in vitro and in vivo 
[ 117 ]. Metabolic reprogramming controlled by PKCλ/ι confers 
a competitive advantage during NEPC differentiation by regulat-
ing serine glycine and one-carbon pathway (SGOCP), a crucial 
metabolic hub for proliferation and an epigenetic control factor 
for gene expression that promotes intracellular S-adenosyl methi-
onine (SAM) biosynthesis [ 117 ]. In conclusion, inhibition of the 
downstream mTORC1/ATF4/SGOCP of PKCλ/ι exerts a positive 
impact on NEPC [ 117 ].   

CHRM4
   CHRM4, a G protein-coupled receptor, is highly expressed in PCa 
cells following ADT [ 28 ]. Abundant activation of the CHRM4-
driven AKT/N-MYC pathway up-regulates interferon-α17 
(IFNA17) in the TME to promote NED of PCa [ 28 ]. Therefore, 
there is no doubt that small compounds targeting CHRM4 pos-
sess the potential to effectively suppress NED and tumor growth 
in NEPC.

   Nerve growth factor (NGF) contributes to the progression of 
malignancy and regulates NEPC differentiation through physical 

interaction with CHRM4 [ 47 ]. Simultaneously, ZBTB46, an ADT-
stimulated transcription factor associated with NEPC polariza-
tion, up-regulates NGF in NEPC [ 47 ]. This pathway suggests that 
targeting NGF-CHRM4 signals or ZBTB46-mediated transcrip-
tion could be a potential approach for treating or inhibiting NEPC 
[ 47 ,  118 ]. Activated NGF up-regulates CHRM4 and connects AKT 
signaling activation with N-MYC stimulation, which enhances 
NEPC reprogramming. In addition, NGF stimulates p38-MAPK 
to activate downstream NTRK1 and promote cell migration, inva-
sion, and metastasis [ 118 ,  119 ]. Pharmacologically, a block or 
knockdown of NGF substantially inhibits ADT resistance, 
CHRM4-mediated NEPC differentiation, and AKT-N-MYC sig-
naling activation [ 118 ], thus impeding the progression of NEPC.   

DLL3
   DLL3, a distinctive protein present exclusively on the surface of 
NEPC cells, is absent on the surface of normal cells [ 71 ]. DLL3 
is highly expressed in solid tumors, especially NEPC [ 26 ], affect-
ing approximately 76.6% of NEPC patients [  120 ]. DLL3 is highly 
expressed in solid tumors, especially NEPC [ 26 ]. Puca et al. [ 120 ] 

Fig. 2. Potential targets on the surface of NEPC cells. Targeted inhibition of PARP1 by OLA may further address Trop2 overexpression, thereby potentially playing a positive role in 
the suppression of NEPC. NK1R is involved in the PKC/AURKA/N-MYC pathway. The PKC inhibitor GF109203X, through PKC inhibition, evidently reduces AURKA dephosphorylation 
and induces G2/M cell cycle arrest, consequently inhibiting the development of NED. ZBTB46 up-regulates NGF. Therefore, a potential strategy to modulate NEPC progression and 
differentiation involves inhibiting NGF, thereby reducing its interaction with CHRM4. The anti-DLL3 antibody SC16 and the anti-DLL3 antibody–drug conjugate Rova-T can inhibit 
DLL3, thereby exerting an inhibitory effect on NEPC. Labetuzumab govitecan, which targets CEACAM5, has demonstrated therapeutic potential in NEPC cell lines. Trop2, tumor-
associated calcium signal transducer 2; NK1R, neurokinin-1; CHRM4, cholinergic receptor muscarinic 4; DLL3, delta-like ligand 3; CEACAM5, carcinoembryonic antigen associated 
cell adhesion molecule 5; IMMU-132, sacituzumab govitecan; IFNA17, interferon-α17; Rova-T, rovalpituzumab-tesirine; AURKA, Aurora A kinase; MUC1-C, mucin 1 C-terminal; RB1, 
retinoblastoma-1-encoding gene; TP53, tumor protein p53; REST, RE1 silencing transcription factor; FOXA1, forkhead box protein A1; FOXA2, forkhead box protein A2; EZH2, enhancer 
of zeste homolog 2; SOX2, SRY-box transcription factor 2; ASCL1, Achaete–Scute homolog 1; OC2, ONECUT2.
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evaluated 47 CRPC-NE samples and found that DLL3 was 
expressed in 36 samples (76.6%). DLL3 could be detected in a 
small number of CRPC-adeno tumors (12.5%), but not detected 
in benign prostate or localized PCa. Similarly, in CRPC-NE cases 
analyzed by RNA sequencing (RNA-seq) and NanoString, 73.68% 
and 71.10% of the cases showed high DLL3 mRNA expression, 
and 10.91% (RNA-seq) as well as 12.50% (NanoString) of CRPC-
adeno samples also showed high DLL3 mRNA expression [ 120 ]. 
Korsen et al. [ 71 ] developed a potential treatment for NEPC by 
using anti-DLL3 antibody SC16 radiolabeled with the β-emitting 
radioisotope lutetium-177, also known as a molecularly targeted 
radiotherapeutic approach. Additionally, rovalpituzumab-tesirine 
(Rova-T), a first-in-class antibody–drug conjugate that targets 
DLL3 to deliver a cytotoxic compound directly to NEPC tumor 
cells [ 26 ], and specific T cell contact antibodies (NCT03319940 
and NCT04471727) serve similar role as DLL3 inhibitor, which 
might reduce the amount of DLL3 on the surface of NEPC cells 
[ 109 ], and inhibit the growth of NEPC. In addition, tarlatamab 
(AMG 757), which targets DLL3 and CD3 molecules on the sur-
face of T cells, is a bispecific antibody prepared based on the 
next-generation bispecific T cell agonist (HLE BiTE) technology. 
By recognizing and ligating CD3 (expressed on the cell mem-
brane of T cells) and DLL3 (expressed on the cell membrane of 
NET), it promotes T cells to recognize NET cells and activates T 
cell-mediated tumor lysis [  121 ]. Currently, AMG 757 has been 
reported to have a certain remission effect in SCLC, and the next 
clinical trial will be conducted in NEPC patients in the future.   

CEACAM5
   CEACAM5, a cell surface protein, belongs to the CEA family and 
is highly expressed in NEPC [ 100 ]. Labetuzumab govitecan, a 
drug targeting CEACAM5, has demonstrated potent antitumor 
activity in preclinical models of CRPC (including NEPC). Its 
mechanism of action involves DNA damage and exerts positive 
therapeutic effects [ 100 ]. Engineered chimeric antigen receptor T 
(CAR-T) cells targeting CEACAM5 exhibit therapeutic potential 
by inducing antigen-specific cytotoxicity in NEPC cell lines [  122 ].    

Promising Targets in NEPC Cells
   NEPC is characterized by absent or minimal AR expression and 
lacks activation of canonical AR downstream signaling pathways 
(including PSA production), rendering it intrinsically resistant to 
conventional ADT and second-generation ARPIs such as ENZ 
and ABI [ 75 ,  123 ,  124 ]. This therapeutic resistance arises not 
only from intrinsic molecular heterogeneity but also through 
dynamic lineage plasticity mechanisms. Specifically, ADT-
mediated AR signaling suppression triggers a phenotypic switch 
to AR-independent states via activation of NE transcriptional 
programs involving master regulators like BRN2 and ASCL1 [ 64 ].

   The current standard of care for NEPC relies on platinum-
based chemotherapy (typically cisplatin combined with etopo-
side); however, outcomes remain poor, with a median OS of 
approximately 7 months [ 10 ]. This limited efficacy stems from 
multiple resistance mechanisms: (a) EZH2-mediated epigenetic 
silencing of tumor suppressors (e.g., RB1) promotes chemore-
sistance [ 13 ], and (b) cancer stem cell populations maintain 
treatment-refractory properties through sustained Wnt/β-catenin 
pathway activation [  125 ]. These molecular insights highlight the 
critical need to develop novel targeted therapeutic strategies that 
address the unique biology of NEPC beyond conventional cyto-
toxic approaches.

   Carcinogenic factors N-MYC, AURKA [ 19 , 56 ], and MUC1-C 
[  21 ], loss of tumor suppressors PTEN, RB1, and TP53 [ 22 ], and 
amplification of epigenetic controls and transcriptional factors 
like FOXA1 [  23 ], FOXA2 [  24 ], EZH2 [ 20 ], REST [  30 ], and BRN2 
[ 41 ] have the potential to drive PCa/CRPC transformation into 
NEPC.

   Herein, we delineate the amplification and up-regulation of 
oncogenes, the inactivation of tumor suppressors and the imbal-
ance of transcription factors, and the epigenetic regulatory fac-
tors related to the formation of NEPC (Fig.  3 ). Based on these, 

Fig. 3. Potential targets of cell surface receptors on NEPC formation. (A) Proto-
oncogenes: Key proto-oncogenes including MUC1-C, N-MYC, and AURKA are stabilized 
by upstream signals (Wnt, AKT, Ras, and MUC1-C), thus influencing AR and p53 
signaling pathways. (B) Tumor suppressor genes: Loss or down-regulation of tumor 
suppressor genes (TP53, RB1, and PTEN) promotes resistance to ADT and lineage 
plasticity, contributing to NEPC development. SOX2 is also involved in promoting 
lineage plasticity. (C) Epigenetic regulatory factors and transcriptional factors: 
Factors such as SRRM4, EZH2, FOXA2, and SOX2 regulate NEPC progression. SRRM4 
suppresses TP53 and RB1, leading to downstream effects on REST, N-MYC, AURKA, 
and FOXA1. EZH2, FOXA2, and SOX2 regulate NEPC signature genes and AR signaling, 
with SOX2 also promoting ASCL1 expression. The interplay of these factors drives 
the transcriptional reprogramming and epigenetic regulation characteristic of NEPC.
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we further summarize the current treatment methods that play 
potential roles in targeting inhibition of NEPC (Table  1 ).         ﻿

Proto-oncogenes
MYC and AURKA
   N-MYC and AURKA can be detected simultaneously in 40% of 
NEPC, and they synergistically induce NEPC [ 56 ]. The actual 
physical protein–protein interaction between N-MYC and AURKA 
forms a complex that serves to shield N-MYC from proteasome 
degradation and enhance the stability of the AURKA protein 
[ 19 , 40 ]. This interaction exacerbates downstream carcinogenic 
effects and NED in PCa [ 19 ].

   Numerous studies have consistently demonstrated the over-
expression of the carcinogenic transcription factor N-MYC and 
cell cycle kinase AURKA in the majority of highly proliferative 
and invasive metastatic NEPC [ 20 , 43 , 56 ]. Dysfunctional MYC 
genes, including C-MYC and N-MYC, which are pivotal regula-
tors of cellular proliferation [  126 ], have been identified in approx-
imately 70% of human cancers [  127 ]. These genes serve as master 
regulators of MYC family transcription, activating genes that 
influence cancer hallmarks such as sustained proliferation and 
growth [ 66 ]. Extensive research has revealed that N-MYC plays 
a crucial role as an oncoprotein essential for NE tumors and pro-
moting tumor invasiveness in PCa [ 19 , 51 ]. N-MYC expression 
can be detected in 40% of NEPC, while N-MYC amplification is 
not observed in benign prostate [ 56 ]. Furthermore, carcinogenic 
signaling pathways like Wnt, Ras, and phosphatidylinositol 
3-kinase (PI3K)/AKT can also enhance their tumor-promoting 
function by reinforcing the stability of N-MYC [ 20 ,  128 ]. The 
PARP1 inhibitor OLA specifically targets the N-MYCPARP-DNA 
damage response (PARP-DDR) pathway, generating thera-
peutic effects such as decreased cell viability, colony formation, 
and migration, similar to PARP1 knockout observed in vitro. 
Furthermore, it remarkably inhibits the growth of NEPC in NCI-
H660 and PDX 144-13C subcutaneous models in vivo [ 129 ]. A 
study combining PARP inhibitors (PARPi; OLA) with cyclin-
dependent kinase 4/6 inhibition (CDK4/6i; palbociclib or abe-
maciclib) shows the p-RB1–E2F1 signal axis to be synergistically 
suppressed at both the transcriptional and posttranslational levels 
[  130 ]. This further disrupts cell cycle progression and inhibits 
E2F1 gene targets, leading to increased apoptosis both in vitro 
and in vivo. Moreover, the combined effect of these 2 treatments 
is superior to the effect of either treatment alone [  131 ]. Regrettably, 
this combined treatment approach has not yet been translated 
into specific clinical trials for NEPC. Additionally, talazoparib 
(TALA) plays an analogous role in reversing NE phenotype [ 27 ].

   AURKA is a serine/threonine kinase involved in the formation 
of the mitotic spindle, separation of centrosome, and the G2-M 
transition during cell cycle, with potential oncogenic properties 
[ 56 ]. In NEPC, over 50% of tumor cells exhibit robust cytoplasmic 
expression of AURKA [ 56 ], which plays a crucial role in the NED 
of PCa [ 67 ]. Down-regulation of NKX3.1, a prostate-specific 
tumor suppressor, mediated by AURKA, is the primary mecha-
nism driving CRPC to differentiate into NEPC [  132 ]. Additionally, 
there are reports indicating that targeting AURKA effectively 
inhibits PCa cell proliferation driven by CXCR7, an atypical che-
mokine receptor up-regulated in PCa following treatment with 
ADT or ARPIs [  133 ].   

MUC1-C
   Mucin 1 (MUC1) is a heterodimer protein that is aberrantly 
overexpressed in advanced NEPC and serves as a potential 

therapeutic target. It is closely related to the characteristics of 
cancer cells [ 21 ,  134 ]. MUC1 encodes a polypeptide that under-
goes autocleavage into N-terminal (MUC1-N) and C-terminal 
(MUC1-C) subunits [  135 ]. Furthermore, MUC1-C actively par-
ticipates in inducing the NE process of N-MYC, EZH2, and PCa 
related to the progression of NEPC by inhibiting the p53 pathway 
and activating MYC -Brn2 trail [ 21 ,  136 ]. In recent years, 
Yasumizu et al. [ 21 ] found that targeting MUC1-C in vitro and 
in PCa tumor xenograft models restricted BRN2 transcription 
as well as NED induction, self-renewal capacity enhancement, 
and oncogenicity, such as GO-201 and GO-203. In addition, 
during early-phase clinical trial MULTIs, GO-203 was evalu-
ated for its acceptable safety profile and for evidence of antitu-
mor activity [  137 ]. It is currently under further development 
to target cancers specifically expressing MUC1-C, such as NEPC 
[ 21 ]. Undoubtedly, MUC1-C represents a promising target for 
curbing NEPC.    

Tumor suppressor
   The deletion of PTEN, RB1, and TP53 is exceptionally prevalent 
in NEPC due to their pivotal roles in NEPC development [ 22 ]. 
Specifically, the concurrent deletion of RB1 and PTEN enhances 
lineage plasticity and trans-differentiation potential, while the 
cancellation of RB1 and TP53 confers resistance to ADT [ 68 ]. 
To put it simply, the combined effect of deletion of these 3 genes 
along with AR inhibition promotes the initiation and progres-
sion of NEPC [ 138 ].

   RB1 loss is observed in approximately 70% of NEPC and in 
10% to 30% of CRPC [  139 ]. The RB1 gene functions as a tumor 
suppressor by inhibiting the G1/S transition through its interaction 
with E2F family transcription factors, which are commonly deleted 
in NEPC. This interaction maintains the E2F family transcription 
factors in an inactive state at the transcriptional level [ 120 ]. Loss 
of RB1 function results in dysregulation of gene networks associ-
ated with E2F and has been implicated in driving tumorigenesis 
and NED progression [ 140 ,  141 ]. In RB1-deficient NEPC tumors, 
up-regulation of ACSL4 (a key enzyme promoting lipid peroxida-
tion and triggering ferroptosis) renders cancer cells susceptible to 
ferroptosis inducers. However, tumor cells overexpress GPX4 (an 
antioxidant enzyme) to regulate ferroptosis [ 140 ]. Based on this, 
GPX4 inhibitors can effectively suppress the overexpression of 
GPX4 in tumor cells, thus reactivating ferroptosis and impeding 
tumor growth. The up-regulation of ACSL4 expression and 
enhancement of lipid peroxidation rate induced by RB1 loss further 
intensify cancer cell dependence on GPX4 for iron homeostasis 
blockade. Frustratingly, this renders cancer cells more susceptible 
to GPX4 inhibitors or general inducers of iron decay [ 140 ].

   Deficiency of TP53 confers resistance to anti-androgen ther-
apy [ 123 ]. TP53 buildup is detected in 56% of small cell neuro-
endocrine prostate cancer (SCNPC), while TP53 mutations are 
present in 60% of SCNPC [  142 ]. Lysine-specific demethylase 1 
(LSD1), a histone demethylase, can impede the downstream 
pathway of TP53 by reducing its occupancy on the target gene, 
which promotes survival and evolution of NEPC cells. LSD1 is 
highly up-regulated in NEPC, and allosteric inhibitors targeting 
LSD1 can attenuate the viability of NEPC cells [ 143 ].

   Apart from these, in the absence of RB1 and TP53, the pla-
cental gene PEG10 promotes cell cycle progression from G0/G1 
and enhances the invasion of NEPC via transforming growth 
factor-β (TGF-β) signaling [  144 ]. Targeting PEG10 with a spe-
cific short hairpin RNA (shRNA) can inhibit its positive activity 
in NEPC and considerably suppress tumor growth in patients 
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with NEPC [ 111 ]. Both RB1 and TP53 make contributions to 
curbing lineage plasticity by inhibiting the expression of SOX2 
[ 17 ] so as to suppress NEPC. Simultaneously, loss of RB1 facili-
tates lineage plasticity and metastasis of prostate adenocarcinoma 
initiated by PTEN mutation [ 123 ].

   Liu et al. [ 145 ] discovered that prolonged ENZ treatment 
resulted in RB1 phosphorylation and transcriptional up-regulation 
of N-MYC, enhancing gene expression of NEPC. Fortunately, 
these activities can be suppressed by OLA or TALA. Furthermore, 
dinaciclib was found to inhibit RB1 phosphorylation, resulting 
in marked inhibition of NED when combined with OLA [ 145 ]. 
RB1 knockout enhances homeobox protein 5 (HOXB5) expres-
sion, and this effect can be further amplified by TP53 gene knock-
out. In addition, elevated HOXB5 expression promotes cell 
growth and invasion in PCa cell lines, indicating that HOXB5 
partially accounts for the formation of NEPC [  146 ]. TRIM59, a 
member of the tripartite motif (TRIM) protein family, exhibits 
a strong correlation with the development of NED and shorter 
patient survival in PCa following treatment with second-gener-
ation ARPIs. The expression of TRIM59 is up-regulated in NEPC 
that arises as a result of ARPI treatment. This up-regulation of 
TRIM59 in PCa drives NED by enhancing RB1 and TP53 deg-
radation while also enhancing the activity of the transcription 
factor SOX2 [ 147 ]. Assuming that successful targeting of TRIM59 
is achieved, reducing its expression level can mitigate its negative 
regulatory effects on RB1 and TP53 in NEPC, thereby inhibiting 
the occurrence of this aggressive subtype.

   The anti-histamine drug ketotifen effectively induces apop-
tosis of NEPC tumor cells by targeting the interleukin-6 (IL-6)/
signal transducer and activator of transcription 3 (STAT3) 
pathway, which reduces the survival rate of NEPC [ 68 ]. This 
effect resembles that of tumor suppressor genes and suggests 
its potential as a treatment for NEPC.   

Epigenetic regulatory factors and  
transcriptional factors
SRRM4 and REST
   The RNA splicing factor serine/arginine repetitive matrix 4 
(SRRM4) facilitates the NE transformation of PCa by inhibiting 
AR, which promotes the progression of NEPC by compromising 
the function of RB1 and TP53 [ 5 ]. In untreated PCa-adeno, low 
SRRM4 expression was detected in approximately 16% of tumor 
cores, and PCa-adeno treated with neoadjuvant hormone 
therapy for over 7 months had critically higher SRRM4 expres-
sion [ 79 ]. Therefore, the expression of SRRM4 in castration-
resistant tumors is highly correlated with the emergence of NEPC 
and poor survival in patients. Fortunately, targeted inhibition of 
SRRM4 can effectively exert an anti-NEPC effect by inhibiting 
the aforementioned pathways. Yoshida et al. [  148 ] extended the 
application of SRRM4 antisense oligonucleotide (ASO) medicine 
from SCLC to PCa cells exhibiting aberrant SRRM4 mRNA 
expression in vitro. They demonstrated that SRRM4 ASO suc-
cessfully down-regulated SRRM4 expression and inhibited the 
viability of both SCLC and PCa cells in a dose-dependent man-
ner. The data indicate that the gapmer oligonucleotide targeting 
SRRM4 (SRRM4 ASO) reduces cellular viability by restoring 
REST splicing, thereby exhibiting significant antitumor efficacy. 
Besides, small-molecule inhibitors (SMIs) may target the RNA-
binding domain (RBD) of SRRM4 to block its recognition of 
RNA substrates, or directly inhibit the C-terminal domain 
critical for SRRM4’s splicing activity [  149 ]. In addition, SRRM4 
plays a crucial role in mediating the alternative splicing of 

REST, leading to the generation of a dominant negative form 
of REST [ 150 ].

   REST is identified as one of the target genes regulated by 
SRRM4 and serves as a primary regulator in NED [ 5 ]. By inhib-
iting the expression of genes essential for NED, REST acts as a 
major negative regulator in neurogenesis [ 5 ]. However, cell 
cycle profile analysis conducted by Flores-Morales et al. [ 30 ] 
revealed that reducing REST levels in cell culture resulted in 
an increased number of cells in G1 phase and a decreased num-
ber of cells in S phase. Moreover, inhibition of REST may lead 
to the overexpression of neurogenes (N-MYC, AURKA, etc.) 
and promotion of the NE phenotype [ 43 ]. Multitudes of studies 
have demonstrated that loss of REST is a crucial factor affecting 
the origination of NEPC [ 30 , 151 ]. Additionally, REST plays a 
role as a negative feedback regulator on SRRM4 [ 30 ]. On this 
basis, Mishima et al. [  152 ] investigated splice-switching oligo-
nucleotides (SSOs) based on amido-bridged nucleic acids 
(AmNA) that target the splicing of REST as a novel therapeutic 
strategy. Their findings demonstrated that REST_SSO sup-
presses NE tumorigenesis by restoring functional REST in PCa 
xenograft models.   

EZH2
   EZH2, an epigenetic reprogramming factor, and its proteins 
exhibit remarkable activity in the majority of NEPC cases [ 20 ]. 
EZH2 appears to be a common mediator in signaling pathways 
triggered by all key molecular events in NEPC, including 
N-MYC amplification, cell cycle arrest, activated Wnt signaling, 
and loss of P53 or RB1 [ 153 ]. Luo et al. [ 154 ] discovered that 
EZH2 knockout in ENZ-induced NE phenotype C4-2 cells 
could substantially reduce the expression of NE markers. 
Meanwhile, RNA-seq and chromatin immunoprecipitation-seq 
(ChIP-seq) data along with preclinical studies using PDX sup-
port N-MYC’s induction of EZH2 transcriptional changes that 
alter the epigenetic programming of NEPC cells and promote 
their growth [ 20 , 154 , 155 ]. The combined effect of N-MYC and 
EZH2 promotes the expression of PCa NE phenotype as well 
as the development of AR resistance, migration of CRPC cells, 
and formation of NEPC [ 156 ]. Inhibiting EZH2 may potentially 
reverse N-MYC-induced suppression on genes [ 66 ], which 
could block ENZ and other drug-induced NED [ 154 ]. These 
findings suggest that targeting EZH2 could be a promising 
therapeutic strategy [ 111 ].   

FOXA1 and FOXA2
   The essential transcription factor FOXA1 exhibits decreased 
expression in NEPC [ 23 ]. One of the primary roles of FOXA1 
is to act as a precursor factor for AR binding to chromatin and 
serve as a key regulator of AR’s transcriptional output [ 157 ,  158 ]. 
FOXA1 is a downstream target of SRRM4 [ 138 ]. It can be rea-
sonably inferred that inhibiting SRRM4 could alleviate the inhi-
bition of FOXA1, thus playing a certain role in restraining the 
conversion of PCa to NEPC. Previously, FOXA1 was believed to 
function as both an oncogene and a tumor suppressor gene [ 23 ]. 
However, in NEPC, FOXA1 is reprogrammed as a NE-specific 
regulatory element with increased binding to regulatory elements 
rich in NEPC. It is surrounded by a super enhancer in NEPC 
and participates in the core regulation circuit of neuron pedigree 
transcription factor ASCL1 [ 158 ]. It also promotes cell prolifera-
tion in primary PCa [ 23 ]. Nevertheless, the majority of main-
stream research findings indicate that FOXA1 functions as a 
negative regulator in the progression of PCa to NEPC, with its 
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down-regulation observed in NEPC and its role in inhibiting 
NED [ 23 , 159 ]. In this context, we focus on FOXA1 as the central 
factor and present an overview of therapeutic effects achieved 
by targeting both its upstream and downstream pathways for 
NEPC treatment.

   Another transcription factor, FOXA2, belonging to the same 
family as FOXA1, also plays a crucial role in NEPC. However, 
their roles are almost diametrically opposite. During the develop-
ment of NEPC, there is a evident increase in DNA binding activity 
for FOXA2. Conversely, for FOXA1, not only does the number 
of binding sites decrease, but its overall DNA binding activity 
decreases as well [ 44 , 160 ]. The expression level of FOXA1 is nega-
tively correlated with the expression level of characteristic genes 
for NEPC such as SOX2 [ 160 ]. The balance between FOXA1 and 
FOXA2 controls the transformation of PCa to NEPC [ 24 ]. As far 
as FOXA2 is concerned, it is considerably induced by ADT and 
coordinates the NE lineage during the transition from PCa to 
NEPC while driving the NED process. Due to its constant activa-
tion, NED always occurs, and even targeted knockdown might 
curb the progression of PCa toward an NEPC phenotype [ 24 , 160 ].   

BRN2
   The Pit-Oct-Unc (POU) domain transcription factor BRN2 
serves as the principal regulator of NED and is directly tran-
scribed by AR [ 41 ]. BRN2 is essential for the expression of NE 
terminal markers and invasive growth in CRPC induced by 
treatment targeting AR. Furthermore, it exhibits high expres-
sion and activation in NEPC and mCRPC [ 41 ]. It plays a pivotal 
role as one of the key regulators of NED in PCa [ 41 ]. MUC1-C 
resides upstream of BRN2 and induces an increase in BRN2 
through MYC mediation, and silencing MUC1-C can down-
regulate BRN2 [ 21 ]. These components constitute the unidi-
rectional MUC1-C/MYC/BRN2/SOX2 pathway [ 21 ], in which 
targeted inhibition at any site can contribute to the treat-
ment of NEPC. In addition, EVs selectively release BRN2 [ 42 ]. 
Encouragingly, inhibition using the GW4869 inhibitor resulted 
in reduced levels of EV-associated BRN2 [ 42 ], which may be a 
promising therapy for NEPC as well.   

SOX2, ASCL1, and NEUROD1
   CRPC facilitates the development and progression of NEPC by 
regulating transcriptional activity of SOX2 and inducing lin-
eage differentiation of ASCL1 as well as NEUROD1 [ 25 , 109 ]. 
SOX2 plays a vital role in determining neural lineage-specific 
fate [ 51 , 161 , 162 ], and it is highly expressed in NEPC cells [ 25 ]. 
Database predictions and other experiments indicate that SOX2 
may function as a transcription factor to initiate ASCL1 tran-
scription, which induces NED [ 25 ].

   The posttreatment NEPC can be classified into ASCL1 and 
NEUROD1 subtypes based on expression clusters. The gene 
expression and enrichment pathways differ between the 2 sub-
types, as well as their invasive abilities and tissue characteristics. 
These differences in subtypes may impact the efficacy of drug 
treatment, suggesting the need for new therapeutic strategies 
for NEPC [ 109 ].

   ASCL1 serves as a pivotal transcription factor in cellular 
NED [ 25 ]. It coordinates extensive molecular-level transcrip-
tional reprogramming and plays an important part in driving 
neuronal cell differentiation and lineage specification [ 163 ]. 
Following ADT, the expression of prototypical neurogenic regu-
lator ASCL1 is substantially up-regulated [ 25 , 163 ]. Above all, 
ASCL1 is indispensable for treatment-induced plasticity, and 

targeting ASCL1 weakens lineage plasticity and mitigates the 
emergence of fatal diseases [ 25 ].

   In addition, NEUROD1, a neuron transcription factor, is 
independent of ASCL1 subtype and has similar epigenetic char-
acteristics [ 109 , 110 ]. It binds to SOX2 at the same frequency 
in NEPC [ 109 , 110 ] and actively stimulates the growth of NEPC 
cells by forming a positive feedback loop with super enhancer 
[ 109 , 164 ]. Based on the heterogeneity of the 2 subtypes as tar-
gets, the study of new therapeutic strategies for NEPC may be 
a new direction of drug research.   

OC2
   The transcription factor OC2, a member of the ONECUT family, 
plays a crucial role in tumor growth and metastasis of PCa. OC2 
exhibits a negative correlation with AR activity in PCa and is 
remarkably overexpressed in NEPC [ 32 , 165 ], thereby promoting 
the NED of PCa through regulation of hypoxia signals [ 32 ,  166 ]. 
Additionally, REST directly inhibits OC2 as a central regulatory 
node in NEPC upstream [ 167 ], while the binding efficiency of 
REST’s upstream regulator HF1α to chromatin is regulated by 
OC2 [ 165 ]. OC2 also directly inhibits its downstream factor 
FOXA1 [ 32 ]. These findings suggest that targeting the REST/
OC2/FOXA1 pathway may hold potential therapeutic value. 
Additionally, OC2 directly activates PEG10, which serves as a 
key regulator governing the transition of PCa to NEPC [ 167 ]. 
Recent reports have demonstrated that CSRM617 [ 167 ], an SMI 
of OC2, and TH-302 [  168 ], a hypoxia-activated prodrug, effec-
tively induce cell death in PCa cell lines with high expression 
levels of OC2 and obviously inhibit tumor growth [ 32 ]. In 
summary, targeting OC2 represents an attractive therapeutic 
approach for treating NEPC.   

ZBTB7A
   The transcription factor ZBTB7A, also known as Pokemon, con-
tributes to promoting cell proliferation in NEPC [  31 ]. In NEPC 
cell lines, ZBTB7A promotes G1/S conversion during the cell cycle 
and inhibits apoptosis. In addition, ZBTB7A counteracts negative 
regulation of the cell cycle by competitively inhibiting downstream 
sites and transcriptionally suppressing RB1 through its interaction 
with TP53 [ 31 ]. By silencing the tumorigenic function of ZBTB7A 
in NEPC cells, anti-NEPC effects can be achieved [ 31 ].

   In the downstream region of ZBTB7A, RET, a receptor tyro-
sine kinase, exhibits critical enrichment in NEPC and dem-
onstrates up-regulated gene expression [ 31 , 169 ]. This is an 
essential requirement for the proliferation of NEPC cells [ 169 ]. 
Silencing ZBTB7A inhibits cell proliferation in RET-dependent 
NEPC cells by regulating the cell cycle [ 31 ]. Additionally, the 
NEPC cell line NCI-H660 relies on RET expression for its pro-
liferative capacity. Inhibitors targeting RET signal transduction 
pathways all possess certain anti-NEPC effects [ 31 ].   

Others
   In addition to the aforementioned targets, compounds, or drugs 
exhibiting potential targeted inhibition of NEPC, there is also 
potential in NEPC therapy in targeting dopamine receptor D2 
(DRD2), apolipoprotein A-I (ApoA-I), nuclear receptor bind-
ing SET domain protein 2 (NSD2), and SWI/SNF complexes 
[ 170 – 173 ].

   According to both bioinformatics and experimental evidence, 
ApoA-I, a crucial component of high-density lipoprotein (HDL), 
is found to be up-regulated in NEPC. This up-regulation, directly 
controlled by the MYC gene, contributes to increased survival, 
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proliferation, invasion, and therapy resistance of NEPC [ 173 ]. 
From another perspective, targeted inhibition of ApoA-I, 
regulated by N-MYC, hinders the development of NEPC. 
DRD2 is found to be overexpressed in NEPC. However, a 
recent study has demonstrated that ONC-201, a DRD2 inhibi-
tor targeting this receptor, effectively inhibits the develop-
ment of CRPC into NEPC [ 172 ]. NSD2 catalyzes histone H3 
lysine 36 demethylation, which plays an important role in the 
process of CRPC NED [ 171 ]. SWI/SNF complexes, also known 
as Brg/Brahma-associated factor (BAF) complexes, promote 
NED in PCa as well [ 170 ]. Targeted inhibition of these com-
plexes may hold potential therapeutic implications in lineage 
plasticity and castration resistance, thereby contributing to 
anti-NEPC strategies [ 171 ,  174 ,  175 ]. These targets exhibit vital 
anti-NEPC value in clinical research on NEPC. More promis-
ingly, an increasing number of clinical trials suggest the prog-
ress in treatment of NEPC in patients (Table  2 ). Taken together, 
it is certain that precise and effective treatment strategies will 
emerge soon.     

TME in NEPC
   The TME, an intricate network encompassing both the internal 
landscape and the external milieu surrounding tumoral cells, 
constitutes a sophisticated system that integrates blood vessels, 
immune cells, and the intricate tumor extracellular matrix. This 
dynamic environment transcends mere structural, functional, 
and metabolic facets of the tumor, profoundly influencing its 
progression and, in the context of PCa, its metastatic potential 
[  176 ,  177 ]. Moreover, extensive research has emphasized the 
pivotal significance of the TME in fostering the development 
of NEPC, a subtype characterized by unique biological and 
clinical features [  178 ,  179 ].

   The cellular landscape of NEPC is dominated by several key 
players, including (a) prostatic epithelial cells, which serve as 
the primary neoplastic component; (b) tumor-associated mac-
rophages (TAMs), pivotal in modulating immune responses 
and tumor progression; (c) myeloid-derived suppressor cells 
(MDSCs), which contribute to immune evasion and promote 
tumor growth; (d) cancer-associated fibroblasts (CAFs), critical 
modulators of the extracellular matrix and mediators of tumor–
stromal interactions; (e) mesenchymal stem cells (MSCs), with 
their potential to differentiate into various stromal cell types 
and influence tumor behavior; and (f) vascular endothelial cells 
(VECs), fundamental for angiogenesis and the maintenance of 
the tumor’s vascular supply. Together, these cellular constitu-
ents orchestrate a complex interplay that shapes the progression 
and metastatic potential of NEPC.  

Prostatic epithelial cells
   Prostatic epithelial cells are the most dominant cell subsets in 
the TME, occupying a paramount position within the TME, 
where they exert a pivotal role in modulating neighboring cel-
lular components and indirectly fostering the emergence of 
NEPC.

   The expression of forkhead box protein C2 (FOXC2) in 
prostate epithelial cells can directly promote the development 
of NEPC [ 180 ]. Additionally, these epithelial cells secrete fac-
tors such as bone morphogenetic protein 6 (BMP-6) and cyclo-
oxygenase 2 (COX-2), which facilitate the phenotypic transition 
of TAMs from the antitumorigenic M1 subtype to the tumor-
promoting M2 subtype [  181 ].   

TAMs
   TAMs are the predominant immune cell subset within the TME 
and exhibit 2 polarization states: the classically activated M1 
subtype and the alternatively activated M2 subtype. M1 mac-
rophages play a pivotal role in innate host defense and tumor 
cell eradication by generating reactive oxygen/nitrogen species 
(ROS/RNS) and pro-inflammatory cytokines such as IL-1β, 
IL-6, and tumor necrosis factor-α (TNF-α) [  182 ]. In contrast, 
M2 macrophages secrete anti-inflammatory cytokines, includ-
ing IL-10, IL-13, and TGF-β, which not only facilitate PCa 
progression but also may induce NED [ 182 ].

   TAMs, as infiltrating macrophages within tumor tissue, have 
been implicated in promoting NED through the activation of 
downstream IL-6 signaling pathways [  183 ].   

MDSCs
   MDSCs, comprising a heterogeneous population of immature 
macrophages, dendritic cells, and granulocytes, exhibit potent 
immunosuppressive properties [  184 ].

   Under the influence of signaling molecules like STATs, MDSCs 
accumulate within the TME and secrete IL-6, which, in turn, 
activates STAT3 signaling to promote the progress of PCa [  185 ]. 
At present, no studies have shown that MDSCs–IL-6–STAT3 can 
induce the formation of NEPC. However, MDSCs can indirectly 
promote the pathogenesis of NEPC by regulating other TME 
components. Specifically, MDSCs promote the differentiation of 
monocytes into M2-TAMs via paracrine IL-6 signaling while 
simultaneously inducing naïve T cells to differentiate into an 
IL-17-secreting T cell subset. The elevated IL-17 further stimu-
lates PCa cells to up-regulate cyclooxygenase-2 (COX-2), which 
catalyzes the conversion of arachidonic acid into prostaglandin 
E2 (PGE2). PGE2 in turn reinforces monocyte differentiation 
into M2-TAMs, thereby activating downstream pathways that 
ultimately induce NED [  186 ,  187 ].   

CAFs
   CAFs, the most abundant stromal cell type in the TME, play a 
crucial role in PCa progression, metastasis, and immune eva-
sion [  188 ]. Numerous studies have underscored the ability of 
CAFs to promote NEPC development through diverse signal-
ing pathways, highlighting their pivotal role in tumor progres-
sion [ 188 ,  189 ].

   CAFs promote NEPC development through direct mecha-
nisms or via epigenetic silencing of Ras protein activator-like 
3 (RASAL3). Additionally, CD105-positive CAFs (CD105+ 
CAFs) induce NED by initiating a paracrine secreted frizzled-
related protein 1 (SFRP1) signaling axis. Specifically, CD105+ 
CAFs activate this SFRP1-mediated paracrine pathway, leading 
to up-regulated expression of MYCN and AURKA, which col-
lectively drive NEPC progression [ 189 ].   

MSCs
   MSCs, a subset of pluripotent stem cells, have been shown to 
enhance the stem-like properties of PCa cells by promoting the 
secretion of chemokine-promoting factors like CCL5 [  190 ]. This 
finding suggests that MSCs may also contribute to the promotion 
of NEPC. In an in vitro coculture system with PC3 cells (a human 
PCa cell line), Yu et al. [  191 ] observed a time-dependent increase 
in TGF-β1 secretion within the conditioned medium. TGF-β1 
activates downstream signaling pathways to induce NED. These 
findings collectively indicate that MSCs may promote NEPC 
pathogenesis.   
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Table 2. Clinical trials in men with NEPC

Study Treatment arm(s) Target Phase Status

 NCT04702737  Tarlatamab (AMG 757)  DLL3  I  Completed

 NCT02709889  Rovalpituzumab tesirine versus 
dexamethasone

 DLL3  I/II  Terminated

 NCT05652686  PT217  DLL3/ CD47  I  Recruiting

 NCT05413421  ORIC-944  PRC2  I  Recruiting

 NCT00973882  Carboplatin + Etoposide ﻿  II  Completed

 NCT06062745 ﻿18F-fluciclovine + PET/CT ﻿  I  Recruiting

 NCT05988918  ESK981  PIKfyve  II  Recruiting

 NCT03910660  BXCL701 versus BXCL701 + 
Pembrolizumab

 Dipeptidyl Peptidases  I/II  Active, not recruiting

 NCT05691465  Lutetium Lu 177 dotatate  Somatostatin receptor  II  Recruiting

 NCT01799278  MLN8237  AURKA  II  Completed

 NCT01848067  Alisertib + Abiraterone acetate + 
Prednisone

 AURKA  I/II  Completed

 NCT02464007  rSIFN-co ﻿  I  Terminated

 NCT02893917  OLA versus OLA + Cediranib  PARP  II  Active, not recruiting

 NCT04592237  Cabazitaxel/carboplatin/cetrelimab 
(followed by niraparib) + Cetrelimab 
versus cabazitaxel/carboplatin/
cetrelimab (followed by niraparib)

﻿  II  Active, not recruiting

 NCT03902951  Abiraterone acetate/apalutamide/
leuprolide acetate + Stereotactic body 
radiation therapy

 AR  II  Active, not recruiting

 NCT04926181  Apalutamide + Cetrelimab  AR  II  Terminated

 NCT06094842  Bendamustine  Immune System  I  Withdrawn

 NCT00423254  MKC1106-PP  Immune System  I  Completed

 NCT01460134  CDX-1127  Immune System  I  Completed

 NCT05000294  Atezolizumab + Tivozanib  Immune Checkpoint + 
VEGF-TKI

 I/II  Recruiting

 NCT03263650  Cabazitaxel/carboplatin/prednisone + 
OLA

﻿  II  Active, not recruiting

 NCT05582031  Regorafenib + Tislelizumab ﻿  II  Withdrawn

 NCT03649841  Radiation therapy versus radiation 
therapy + Antiandrogen therapy/
abiraterone acetate/prednisone

﻿  II  Terminated

 NCT05605522  [225]-FPI-2059 versus 
[111In]-FPI-2058

﻿  I  Active, not recruiting

 NCT01794793  Pasireotide versus cabergoline  D2  IV  Completed

 NCT03896503  Topotecan versus topotecan + 
Berzosertib (M6620)

 Topoisomerase I, ATR  II  Active, not recruiting

 NCT00379132  131-I-TM-601 (chlorotoxin)  HER2 
 EGFR

 I  Completed

 NCT01391143  MGA271  B7-H3  I  Completed

 NCT00753415  V934 versus V935 hTERT vaccination ﻿  I  Completed

 NCT00428220  Sunitinib malate  RTK ﻿  Completed

 NCT01155258  Temsirolimus + Vinorelbine ditartrate ﻿  I  Completed

 NCT01638533  Romidepsin  Histone Deacetylase  I  Completed

 NCT00089362  Alvespimycin hydrochloride ﻿  I  Completed

(Continued)
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Study Treatment arm(s) Target Phase Status

 NCT00031681  7-Hydroxystaurosporine + Irinotecan 
hydrochloride

 Topoisomerase I  I  Completed

 NCT00004074  Interleukin-12 + Trastuzumab  GPC3, HER2  I  Completed

 NCT02860286  Tazemetostat  EZH2  II  Completed

 NCT04179864  EPZ6438 (tazemetostat)  EZH2  Ib/II  Terminated

 NCT03480646  CPI-1205 + Enzalutamide/abi-
raterone/prednisone

 EZH2  Ib/II  Unknown

 NCT03072238  Ipatasertib  PI3K/AKT/mTOR  III  Completed

 NCT02881242  Trametinib (TMT212)  MEK/ERK  II  Active, not recruiting

 NCT04631744  Cabozantinib  RET + KIT  II  Recruiting

 NCT04446117  Cabozantinib + Atezolizumab  RET + KIT  III  Active, not recruiting

 NCT05502315  Cabozantinib + Nivolumab  RET + KIT  II  Recruiting

 NCT04471974  ZEN-3694  BET  II  Recruiting

 NCT04986423  ZEN-3694  BET  IIb  Recruiting

 NCT04628988  CC-90011  LSD1  I  Completed

 NCT02998567  Guadecitabine (SGI-110)  DNMT  I  Recruiting

 NCT05037500  Decitabine + Cedazuridine  DNMT  Ib  Terminated

 NCT02125357  Abiraterone + Prednisone + 
enzalutamide

﻿  II  Completed

 NCT02254785  Cabazitaxel + Abiraterone/
enzalutamide

 AR/Taxane Receptor  II  Unknown

 NCT04015622  Enzalutamide + Docetaxel  AR/Taxane Receptor  II  Recruiting

 NCT03473925  Navarixin (MK-7123) + Pembrolizumab 
(MK-3475)

 CXCR2  II  Completed

 NCT01695044  Abiraterone + Enzalutamide  PSMA  II  Completed

 NCT00848718  MK-2206  ALK  I  Completed

 NCT03333031  HS-196  HSP90 ATP Binding 
Domain

 I  Terminated

 NCT00546039  BONISTEIN ﻿  II  Unknown

 NCT00513071  Saracatinib (AZD0530)  SRC  II  Completed

 NCT03761017  Lorigerlimab  CTLA-4, PD-1  I  Completed

 NCT03333616  Ipilimumab + Nivolumab  CTLA-4, PD-1  II  Active, not recruiting

 NCT03866382  Ipilimumab + Cabozantinib + 
Nivolumab

 CTLA-4, PD-1  II  Recruiting

 NCT03629756  Etrumadenant (AB928) + 
Zimberelimab (AB122)

 A2a/b Adenosine 
Receptor, PD-1

 I  Completed

 NCT03582475  Pembrolizumab + Etoposide/
docetaxel/cisplatin/carboplatin

 PD-1  I  Completed

 NCT04802876  Spartalizumab + Tislelizumab  PD-1  II  Active, not recruiting

 NCT00441337  MDX-1106  PD-1  I  Completed

 NCT03365791  PDR001 + LAG525  PD1  II  Completed

 NCT03517488  XmAb20717 (Vudalimab)  PD-1  I  Completed

 NCT05585034  XmAb 808 + Keytruda 
(pembrolizumab)

 PD-1  I  Active, not recruiting

 NCT03849469  XmAb 22841 versus XmAb 22841 + 
Keytruda (pembrolizumab)

 PD-1  I  Completed

 NCT04848337  Pembrolizumab + Lenvatinib  PD-1  II  Active, not recruiting

 NCT02834013  Nivolumab + Ipilimumab  PD-1  II  Active, not recruiting

Table 2. (Continued)

(Continued)
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VECs
   Angiogenesis, the formation of new blood vessels, is a hallmark 
of tumor progression. VECs play a central role in this process, 
with tumors promoting their proliferation to enhance angio-
genesis within the TME. However, the specific correlation 
between VECs and NEPC formation remains an area of ongo-
ing research and awaits further elucidation.

   Currently, the exploration of the TME in the context of NEPC 
has emerged as a burgeoning research frontier. Elucidating the 
intricate interplay between NEPC and its TME holds immense 
promise for the development of targeted immunotherapies. 
Current research has begun to reveal the potential of immuno-
therapy for NEPC. For example, von Hardenberg et al. [  192 ] 
have seminally reported the presence of PD-L1 molecular sig-
natures in NEPC, underscoring the potential for immune check-
point blockade in this subset. Supporting evidence comes from 
studies like that of Gu et al. [ 106 ], which demonstrated that 
combining platinum-based chemotherapy with PD-1 blockade 
evidently improved OS in patients with extensively metastatic 
NEPC. However, more comprehensive translational research is 
still needed to fully realize the clinical potential of this thera-
peutic approach. Notably, the TME in NEPC exhibits a distinct, 
relatively immune-deficient state compared to other primary 
and metastatic prostate adenocarcinomas [ 26 ]. While this pres-
ents therapeutic challenges, it also creates opportunities for 
developing novel immunotherapies. Recent advances show 
promising emerging strategies, such as the CEACAM5-targeted 
CAR-T cell therapy reported by Baek’s team [  193 ], which dem-
onstrated specific cytotoxicity against NEPC in preclinical stud-
ies. These findings collectively suggest that immunotherapy 
strategies specifically designed for NEPC’s unique TME char-
acteristics may overcome its inherent resistance to conventional 
treatments and improve patient outcomes. The field of immu-
notherapy for advanced PCa is rapidly evolving, with continuous 
development and validation of new therapeutic approaches 
bringing renewed hope for NEPC patients.    

Conclusions and Future Perspectives
   NEPC, an aggressive subtype of CRPC, is characterized by low 
or absent AR expression and loss of dependence on the AR 

pathway, representing the most malignant form of PCa cur-
rently known. It remains a key challenge in clinical practice. 
There is a better understanding on the activities and results of 
anti-androgen treatment on PCa because of advances of fun-
damental and translational biology, and several molecular 
changes that contribute to NEPC development have been found. 
In this field, 2 potential origin hypotheses have been proposed: 
de novo NEPC and treatment-induced NEPC. Current findings 
suggest that NEPC primarily arises in patients with CRPC fol-
lowing ARPI therapy. However, it is currently unknown how 
NE transdifferentiation specifically takes place and how emerg-
ing factors collaborate and contribute over time to the forma-
tion of treatment-induced NEPC.

   Compared to primary PCa or CRPC, NEPC exhibits distinct 
clinical characteristics: it demonstrates a higher propensity for 
visceral metastases and is inherently insensitive to AR signaling. 
This AR-independent state leads to the natural resistance of 
NEPC to traditional ADT and second-generation AR pathway 
inhibitors. This therapeutic resistance not only stems from 
the inherent molecular heterogeneity of the tumor but also is 
achieved through a dynamic lineage plasticity mechanism—
ADT-mediated inhibition of AR signaling activates NE tran-
scriptional regulatory factors such as BRN2 and ASCL1, 
thereby promoting the transdifferentiation of tumor cells to an 
AR-independent state.

   At present, the clinical benefits of the standard chemo-
therapy regimen based on cisplatin/etoposide are limited. This 
poor therapeutic effect stems from the multidrug resistance 
mechanism: (a) Epigenetic silencing of tumor suppressor genes 
(such as RB1) mediated by EZH2 promotes chemotherapy 
resistance, and (b) the tumor stem cell population maintains 
therapeutic resistance by continuously activating the Wnt/β-
catenin pathway. These molecular characteristics highlight 
the urgency of developing novel therapeutic strategies 
targeting the unique biological properties of NEPC. More 
frustrating, with the limited methods of diagnosis, NEPC 
patients are typically diagnosed at an advanced stage, and 
once diagnosed, the survival time is limited to 1 to 2 years. 
This dire situation underscores the urgent need to develop 
more effective early diagnostic tools and targeted therapeutic 
strategies.

Study Treatment arm(s) Target Phase Status

 NCT03036098  Nivolumab + Ipilimumab + 
Gemcitabine

 PD-1  III  Active, not recruiting

 NCT03774901  Avelumab  PD-1  I  Unknown

 NCT03179410  Avelumab  PD-L1  II  Completed

 NCT04709276  Nivolumab + Ipilimumab + 
Carboplatin + Cabazitaxel

 PD-L1  II  Recruiting

AR, androgen receptor; DLL3, delta-like ligand 3; PD-1, programmed death 1; PD-L1, programmed cell death-ligand 1; DNMT, DNA methyltransferase; LSD1, 
lysine-specific demethylase 1; BET, bromodomain and extra-terminal; RET, rearranged during transfection proto-oncogene; MEK, mitogen-activated protein 
kinase; ERK, extracellular regulated protein kinases; RTK, small-molecule multitarget receptor tyrosine kinase; ALK, anaplastic lymphoma kinase; AURKA, 
Aurora kinase A; HSP90, heat shock protein 90; PSMA, prostate-specific membrane antigen; CXCR2, C-X-C motif chemokine receptor 2; HER2, human 
epidermal growth factor receptor 2; EGFR, epidermal growth factor receptor 2; B7-H3, a member of the B7 superfamily; SRC, a nonreceptor tyrosine kinase 
family; GPC3, glypican 3; D2, dopamine type receptor 2; ATR, ataxia telangiectasia and rad3-related kinase; CTLA-4, a member of immunoglobulin superfam-
ily; VEGF-TKI, vascular endothelial growth factor–tyrosine kinase inhibitors

Table 2. (Continued)
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   Fortunately, with research continuing to explore NEPC, 
important progress has been made in identifying genes and 
pathways that influence NEPC formation. In recent years, 
numerous studies have extensively investigated and unveiled 
potential avenues for targeted inhibition or activation of spe-
cific genes or pathways. These findings bring hopes for the 
future development of therapeutic drugs specifically designed 
to combat NEPC. As understanding of the factors influencing 
NEPC formation continues to deepen, targeted therapy is no 
longer a distant prospect but rather one of the most valuable 
treatment options.

   Trop2, a cell surface glycoprotein, has been observed to 
undergo up-regulation in cells owing to the modulation of 
PARP1, thereby resulting in reduced DNA aggregation and his-
tone methylation [ 27 ]. This pathway may be intricately linked 
to the emergence of NEPC. Trop2 thus holds promising poten-
tial as a novel target for inhibiting NEPC. Currently, MMU-132, 
an anti-TROP2 antibody–drug conjugate fused to an active 
topoisomerase inhibitor, has demonstrated efficacy against PCa 
[ 115 ]. However, clinical trials are yet to validate MMU-132’s 
ability to prevent the onset of NEPC.

   Moreover, it is truly exciting that through combinatorial 
inhibition of different genes or pathways, progression of NEPC 
can be considerably impeded. A combined therapy utilizing 
PARP1 inhibitors and CD4/6 inhibitors targeting Trop2 has 
demonstrated greater efficacy than monotherapy [ 131 ]. Further 
clinical studies are required not only to determine the optimal 
treatment combinations for patients with NEPC but also to 
elucidate the necessity and sufficiency of Trop2 in NEPC devel-
opment and clinically validate the efficacy of Trop2-targeting 
therapies. Additionally, inhibiting receptors on the surface of 
NEPC cells provides an alternative approach beyond targeting 
gene expression and signaling transduction pathways within 
cells. DLL3 is exclusively expressed on the surface of NEPC 
cells [ 120 ], rendering it a crucial target for the treatment of 
NEPC. Presently, molecular targeted therapies [ 120 ] and anti-
body–drug conjugates [ 26 ] targeting DLL3 are being rigorously 
developed. Moreover, NEPC cells have been observed to highly 
express other cell surface receptors, such as CEACAM5. CAR-T 
cell therapies targeting CEACAM5 have displayed promising 
therapeutic efficacy in NEPC cell lines [ 122 ], although in vitro 
experiments necessitate further refinement.

   Furthermore, REST has emerged as a crucial regulator in 
suppressing the onset of NED, while SRRM4 can attenuate 
REST expression [ 5 ]. Currently, targeted drugs against SRRM4 
are under investigation and are anticipated to emerge as a 
promising therapeutic approach for NEPC. Similarly, the loss 
of RB1, analogous to TP53, has been correlated with the transi-
tion from NED [ 22 ]. Other genes, including NK1R, CHRM4, 
and BRN2, have also been implicated in the transformation of 
mCRPC into NEPC. Nevertheless, given the intricate complex-
ity of NEPC, epigenetic regulation and the modulation of the 
TME play pivotal roles. Therefore, comprehensive studies are 
warranted to further elucidate the underlying mechanisms of 
NEPC development.

   In the future, we can also explore the relationship between 
NEPC and TME. Currently, research on TME is still restricted 
to the cellular level. An in-depth study of TME can not only 
elucidate the occurrence of NEPC but also offer a breakthrough 
for the immune cold environment of NEPC. Further integra-
tion of research into immunology and the TME holds the 
potential to usher in a promising future for immunotherapy in 

NEPC [  194 ]. By delving deeper into the intricate interplay 
between the immune system and the unique TME of NEPC, 
we can unlock novel therapeutic avenues tailored to address 
the challenges posed by this aggressive malignancy. This col-
laborative approach, rooted in a profound understanding of 
both immunology and cancer biology, promises to revolution-
ize the treatment landscape for NEPC patients, offering hope 
for improved survival rates and quality of life.

   Importantly, the heterogeneity of NEPC types offers the 
potential for more specific treatment options. NEPC can be 
classified into ASCL1 and NEUROD1 subtypes based on dis-
tinct expression patterns. The disparities in gene expression 
and enrichment pathways between these 2 subtypes influence 
the efficacy of drug therapy. For instance, AURKA, a target for 
SMIs like alisertib, has been found to be potentially more effec-
tive against the NEUROD1 subtype. In the future, the treatment 
of NEPC will increasingly consider the heterogeneity of its vari-
ous subtypes. This approach will facilitate the development of 
more tailored and beneficial treatment strategies for patients. 
Undoubtedly, this represents a precious advancement in NEPC 
treatment.

   Future attention should be primarily focused on strategies 
to prevent the development of NEPC, reduce the likelihood of 
PCa and CRPC transitioning into NEPC, and explore pharma-
cological interventions that can impede NEPC progression or 
reverse NED. By doing so, the fundamental resolution of NEPC 
formation can be achieved, which will lead to improved treat-
ment options for both NEPC patients and those with PCa who 
have not yet undergone NE transformation.   
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